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__Natural Gas From Sub-surface Hydrate Formations

Gas hydrates are crystalline, ice-like compounds
composed of water and natural gas. Until recently their
importance to the petroleum and natural gas industries was
attributable to the formation of solid gas hydrates in gas
pipelines (Hammerschmidt, 1931). Most studies of hydrates
during the last half century have concentrzted on experi-
mental measurement and theoretical prediction of the pres-

sure, temperature ané composition conditions of hydrate

1)

formation (Xatz et al, 1959:; Bvk and Fomina, 1968; Parrish
and Prausnitz, 1972). The discovery of naturzl gas and

0il in colder climatic regions such as Alaska, Canada's
Northwest Territory, and Russian Sikeria, has renewed in-
terest in gas hydrates because of the zossibility that such
hvdrates contain vast quantities of natural gas. Reports

of naturally occurring gas hvdrates in these regions have

'-—I

been made in several instances (Bily and Dick, 1973: Chersky
and Makogon, 1970; Sapir, 1973) anéd studies by Xatz and
others (Katz, 1971; Katz, 1972; Holder et al, 1976) indicate
that hydrates may have formed in some of the oil reservoirs
in the Prudhoe Bay Area. Simultaneously, work by Stoll,
Ewing and Bryan (Stoll, 1971; 3ryan, 1974; Tucholke, Brvan

-

and Ewing, 1977) has shown that large hvdrate

(&1}

(]

g ields mav

exist unéder the ocean.
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For those instances where hydrates exist in conjunc-
tion with oil or free gas, the presence of nvdrates is im—
portant, not only as a potential scurce oI free gas, tul also
in the way they affect the producibility of the petrcleum or
natural gas reservoir. Hydrates will block reservoir pores
and will selectively remove high vapor pressure components
such as methane thus reducing the driving force for production
of any such reservoir (Verma, et 2l, 1975; Holder, et al,
1976) .

Thus the existence of hydrates in the eaxrth has
diverse implications. Recent estimates have indicated that
as much as 1018 cubic meters of natural gas may exist in
in situ hvdrates (Milton, 1976, Makogon, 1974). This quan-
tity is six times greater than the total amount of ﬁethane
previously estimated to exist in the combined lithosphere
and hydroschere. It is five orders of magnitude greater than
the U.S. Geological Survey's estimate of the world's proven
reserves Of natural gas. While there is no certainty that
hydrated gas can be produced economically, the potential of
this resource clearly demands evaluation.

The present review examines the curr

]
3
t
U’
O
th

knowledge pertaining to recovery of natural gas from gas

hydrates in the earth. £ summarizes literature describing

nhvdrz

Hh
t

1) the structure and physical properties o es, 2) the

thermodynamic properties of avdrates, and 3) the indications
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of hydrate formation within the earth. In the fipal section,

areas in

y which Zfuture research i1s needed ara identified.

or raccvering

(1)

In order tc evaluate the cotential

gas from naturally cccuring hydrates, the following information

is needed.

Each of

-— where hydrates exist

-- in what purity do hydrate fields exist

-- in what tyve of media do hydrates exist

-- under what pressurs and temperature conditicns
can hydrates te found

-— what methods and how much energy is needed *to
dissociate hydrates

-- how much gas will ke recovered per mole of

hydrate decomposed

these guestions is addressed in this review.
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NATURE CF GAS HYDRATE

Gas hydrates have been studied extensively since
their discovery by Faraday in 1811. These studies revealed
that hydrates were non-stoichiometric compounds and that the
number of gas molecules per water molecule in the hydrate
phase depended upon the conditions at which thev were formed.
Much of the early work on hydrates has been summarized.in
works by 3yk and Fomina (1968) and by Xatz {(195%).

Two structures of clathrate hydrates called struc-
ture I and structure II are known to form from mixtures of
water and light gases. Each of these structures has two
aprroximately spherical cavities or cages cof different diameter
as shown in Table 1. Not all of the cavities need ge occupied
by gas molecules to prcduce z stable hydrate, but»a completely
unoccupieé lattice phase is metastable and does not exist.

The structure which forms from a given gas is strongly de-
pendent upon the molecular size. of the gas molecule with
structure I generally forming from smaller molecules such as
methane and ethane and structure II generally forming Irom
larger molecules, such as propane and butane. For gas mixtures
the equilibrium hydrate structure depends upon p»ressure, tem-—
perature, and composition. In fact, a given gas mixture may
be in egquilibrium with both structures at certain specific

temperatures (Holder 1976).
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Table I: Lattice Properties of Structure I and Structure II

Hydrates
Structure Structure

I iz
Number of Large Cavities/Unit Cell 6 le
Number of Small Cavities/Unit Cell 2 8
Number of Water Molecules/Unit Cell 46 136
Large Cavity Diameter, A 8.60 .46
Small Cavity Diameter, A 7.88 . 7.82

Thermodynamic Properties

Studies of hydrate equilibria especially the' extensive
studies of Xatz and co-workers (XKatz et al. 1949; Carson and
Katz 1942; Noaker and Katz 1954) focused on the equilibrium
P~-T conditions of hydrate formation from binarv mixtures of
a nydrocarbon gas and water. These studies, therefore, deter-
mined the resulting three phase vapor-water rich liquid-hydrate
equilibrium loci, which for a binary mixture must be univarian
according to Gikbs' phase rule.

Figure 1 shows the phase diagram for methane-ethane-
water hydrate forming mixtures. A gas of any indicated
composition will form hydrates at pressure-temperature points

above the corresponding curve. Below the curve, hydrates

rt

will deccompose; nigh pressures and low temperatures fave

hydrate formation.



1UCU

[8)

SCO—

800
700
-800
20C

400

300

200

100
SC

80
70

60
30

40

PRESSURE, PSIA

30

20—

10

- X = Mole Fraction Methane
in Water Free Vcpor

Calculated

® Smoothed Experimental
Data

I f ! l f !

32

Figure 1

34 36 28 40 42 44" 46
TEMPERATURE, °F

DISSCCIATICN PRISSURZIS (QF METHANE-ZTEANT EYDRATES
(Holder, 1976)



UGR File #244
Univ. of Pittsburgh
September 1979 7

The enthalpy of formation of gas hydrates, from.
water and free gas can be approximated by

AH = zRT 3T

whererR is the gas constant and z is the compressikility
factof. The derivative dinp/dT is the slcope of the semi-
logarithmic P-T curve as shown on Figure 1. The calcula-
tion of this enthalpy is important because it gives the
energy reguired to dissociate the avdrates. This energy,
depending upon temperature and com?osition ranges from 10

to 30 k calories per mole of hydrated gas.
Theoretical Mcdel

The x~ray studies of Stackleberg and co-workers
(Stackleberg and Maller 1954) prcduced the previocusly men-
tioned structural models for hydrates and allowed the de-
velopment of a statistical thermodynamic model for describing
the molecular interactions in hydrate crystals. The basic
model, developed by van der Waals (1959) enabled the pre-
diction of hvdrate dissociation pressures of any mixture of
hydrate forming gases. His mocdel assumed that no two gas
molecules occupy the same lattice cavity, and that a gas
molecule interacts solely with the lattice water molecules
nearest tc 1t. The governing.eguation produced by this model
related the chemical potentizl, oy o0f the water in the

reference laitice state (0% occupancy), 5 by the following
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expression:

Mg = kg + kT I vy 1o (1 -2 aij} (2)
j=1 *

where eij is the fraction of cavities occupied by gas species
i; Vj are the ratio of cavities to water molecules for two
differently sized cavities. This model not only allowgd for
the possibility of varying hydrate numbers (ratio of water
molecules to gas molecules),but required that this number be
temperature dependent. The summation, Zi, is over the number
of gas tvves, 1, present.

This model with some mocdifications can predict hydrate
egquilibrium with varving accuracy (Parrish and Prausnitz,'l9727
Saigo and Kobayashi, 1964:; Eolder, 1976). It serves as the

basis for hydrate equilibrium calculations that are keing

studied at several institutions. Such predictive
technijgues are invaluable aids in determining the conditions

at which hydrates may form within the earth.

Composition of CGas Hvdrates

The hydrates which form in the earth are likely to
is present, or mixtures
of structure I and structure II if anv provane or heavier
components are present (Verma, 1974). Structure I has one
potentially gas containing cavity for every 5 3/4 water
molecule and structure II has one cavity for everv I 2/3

water molecule. Thus, the highest concentration of gas in

(=]

the nydrate phase which is rzossikle is

LN}
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Percent Gas = T—T—§TE7§ (100) = 15%

In practice, structure I hydrate will contain 13 to almost

15 percent methane when in egquilibrium with a pure methéne
gas. Table 2 shows the composition of the hydrate that
would.be in equilibrium with a natural gas containing 97%
methane, 2% ethane, and 1% propane. These compositicns are
calculated and may be somewhat in error, but the total percent
gas in the hydrate phase should be close. Note that propane
is enriched relaﬁive to methane in these hydrates. Thus a
natural gas will tend to have its propane removed from the

gas phase in preference to methane 1f hydrates Zorm.

Table 2: Calculated Composition of Structure II Eydrate in
Equilibrium with a Natural Gas Containing 97% CH4,
2% C.H,. and 1% C H8. (Bolder, 1976) Formation
presSufes are al%o given.

Composition in Hydrate

° r 1ia) 3 7 -
Temp. ("R) Press. (psia) CH, Cyig CyHg E.0
500 - 324 8.2 0.2 4.1 87.5
510 645 9.9 0.2 86.4
520 1417 11.0 0.2 2.9 85.9
530 3910 12.3 0.2 2.0 85.5

540 7895 12.7 0.2 1.8

00}
wm
.

w
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HEYDRATES IN SUB-SURFACE ENVIRONMENTS

In recent years there has been a2 great deal of
interest in the existence of natural gas in hydrate form
because of the mounting evidence that vast quantities of
hydrates may exist, not only beneath permafrost, bﬁt also
in oceanic sediments. In the oceans, a2 large portion gf
the near-bottom marine sediments is suitable for the for-
mation of hydrates. Moreover, in continental regions, large
percentages of several land masses, including 75% of Alaska,
have pressure—temperéture conditions which favor the for-
mation of hydrates (Makogon, 1974). If free gas and water
are in contact in these regions hydrates must certainly exist.

Research con in situ hydrate formation has been pro-
ceeding, primarily in the Soviet Union, for over thirty years.
Not until the late 1960's (Makogon, 1974) however, was the

first report of in situ hvdrates made.

Hydrates in Porous'Rock

Experimental studies aimed at understanding the con-
ditions for hydrate formation within porous rock were carried
out in the Soviet Union (Makogon, 1966; Makegon and Skhahakho,
1972). Using quartz sandstone as the experimental medium,
hydrates were formed under carefully controlled conditions.
These investigaticns found that the fcllowing factors in-

fluenced hvydrate forming conditions:
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* the degree of moisture saturation of the rock-
* the gas-water contact area

+ the capillary radii of the pores

Significantly, the capillary effect of the porous
. rock causes the vapor pressure of the water to decrease and
consequently causes the reguired hydrate forming pressure,
P (at a civen temperature) to increase.

These experiments also demonstrated that the elec-
trical resistivity of hydrates is much lower than the re-
sistivity of the hydrate freze core. A knowledge of such
phencmena 1s important in exploratorv efforts aimed at de-
termining whether hydrates exist in the earth.

Cccurrences of continental hydrates are found pri-
marily in resgicns of thick permafrost, where the temperature,
at any given depth within the earth, is relatively low.

Katz (1971, 1972) reported that the presence of 700 meters

of permafrost in Prudhoe Bay, Alaska made conditions for
hydrate formation possible at depth's exceeding 1200 meters.
Subseguent studies (Holder, Katz, Hand, 1976) demonstrated
that a dead crude oil found at 1200 meters could have been
denuded of its lighter constituents (methane, ethane, vropane,
butane) by the formation of hydrates. Tﬁis studv went on to
identify the effects of hydrate fcrmation on the producibility
of a hydrate reservoir, including consideratle lowering of

reservoir pressures, licuid phase viscositv increases, and
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pore blockage. Such effects all tend to make the exploitation
of a given reservoir more difficult. -

Other studies of the relationship between hydrates
and free gas have been made. One hypothesis (Makogon, 19374)
holds that the hydrates have formed impermeakle caps above
gas diffusing up from the center of the earth and therefore
account for much of the concentration of the
natural gas that we now use. The few disccveries of hydrate
reservoirs is probably atiributable to the fact that their
existence has only recenily been verified and detection tech-
nigques have not been developed.

The presence of ahydrate cap will have two important
effects. Fifst, it will cause the reserves in a gas reser-
voir to be understated since the gas in hydrate form will not
be included in the estimate of reserves. Secondly, the pro-
duction of gas from the reservoir may result in the breakdown
of the cap and in the conseqguent escape of the gas from the

reservoir.

Hydrates in Marine Sediments

The possible existence of gas hydrates in marine
sediments was suggested by Stoll et al. (1971} to explain
unusually high seismic velocities and anomolous reflectors
in gas-rich sediments on the Blake-Bahama outer ridge

{Hollister, Ewing et al. 1972).
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Reflectors similar to those found on the 3lake-~Bahamz
outer ridge have been reported in the North Pacific (Scholl
and Crcager, 1973) and in the Artic Ccean (Gratz et. al, 1976).

The Blake-Bahama outer ridge is a large topographic
feature extending southeast from the Blake plaﬁeau off the
coast of Florida (Figure 2). Deep seismic profiling showed
that it is comprised of a vast accumulation of sediment lying
on the horizontal sequence known as Horizon A (Ewing and Ewing,
1964). Since then, speculation with regard to the formation
of the ridge has been based for the most part on differential
deposition bv ocean currents. Ewing et al. (19€6) suggested
that much of the sediment involved may have been eroded from
the Blake plateau by the Florida current (Gulf Stream). Heezen
and Hollister (1964) and Heezen et al. (1966) propoéed that
the ridge was built by the deep contour-following current
which flows generally south along the western margin of the
North Atlantic. 1In an attempt to explain in a somewhat more
quantitative way the location, orientation, and shape of the
ridge, Bryan (1970) invoked both these currents, suggesting
that they interact to form a stable flow pattern which is
consistent with the observed devositional pattern and therefore
could have been responsible for the initiation and early growth
of the ridge on a flat sea floor. In a detailed study of
seismic reflection records, Markl et al. (1970) showed how
this simple picture is complicated in the lazer stages of

formation, as geostrophic effscts hecome mora dcminant. The
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similarity between the sedimentarv structure of the ridge

and that of the ﬁormal continental rise to the north waé
pointed out, and it was suggested that a normal continental
rise would have been built against the steep Blake escarpment
were it not for the deflecting influence of the Florida
current.

One of the fe=atures common to the ridge and the
normal rise to the north is a prominent reflecting horizcen
which lies approximately parallel to the sea floor at a
depth corresconding to about 0.6 -0.7 second of two-way
travel time. This reflector cuts across a series of closely
spaced reflectors that appear to be bedding planes (Figure 3)
and thus cannot itself be a stratigraphic boundary.

Milton (13975) has suggested that the cnly physical

surface which

0

ould transgress bedding planes and run parallel

to the bottom

U

s these anomalous reflectors do, would be an
isothermal surface which itself is indicative of a phase
transition such as would exist for a hydrate + gas + water
equilibrium.

One of the major objectives of Leg 11 of the Deep
Sea Drilling Project was to investigate the nature of this
reflecting horizon. Three holes on the ®Blake outer ridge
were drilled on DSDP Leg 11 (Hollister, Ewing et al., 1972).
These drill sites are located on Figures 2 and 3. Eole 102
was drilled on the crest of the ridce at a2 water depth equal

to an acoustic travel time of 4-1/2 seconds; holes 103 and
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104 on the southwest and northeast £lanks respectively, in
a water depth equal to aporoximately 5 seconds travel time.
The cores from all three holes consisted largely of hemi~
pelagic mud and contained substantial guantities of gas
throughout virtually the entire sediment column to a depth
of 600 m below the seafloor. In many of the cores, enough
gas evolved to extrude sections of core from the plastic
liner, creating visible gaps. The gas was predominantly
methane with traces of ethane.

The average acoustic wave velocity in the sediment
based on the most obvious correlation between seismic re-
flections and lithologic changes was found to be cver 2 km/sec,
which i1s anomalously high when compared to velccities in
sediments with similar porosity and grain size that contain
0o gas. More recent measurements have confirmed the high
velocities originally recorded.

The occurrence of anomalously high sound velocities
in sediments containing large amounts of natural g¢as suggests
the presence of gas hydrates, and the prominent reflector is
thought to e associated with the lower boundary ¢f the hydrate
zone. The reflector is present on a large part of the Blake-
Bahama outer ridge and on much of the continental rise farther
north.

The existence of gas hydrates in marine sediments
depends on many factors such as the origin and composition
of the sediment and the subbotiom depth to which hydrate

N

would be stable for the existing water depth and bottom~water
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temperature. The exact combinaticn of conditions that can
produce an anomalous refléctor is still a matter of con-
jecture since no samples of sediment containing hydrate have
been.recovered intact from the deep ocean sediments. Several
attempts at sampling suspected deposits, using different
kinds of samplers designed to maintain in situ pressure, have
failed because of mechanical malfunction. The successful
recovery of such a sample will go a long way towards ciari-
fving the exact nature of the acoustic reflector caused by
the presence of hydrate.

The méthane content of water in contact with hydrates
would be indicative of the presence of hydrate since the
fugacity of methane in the water phase must equal the fugacity
of methane in the hydrate and free gas phases. Measurements
indicate that the methane content in sediment sea water is
much less than that needed to form hydrates, but these measure-
ments were not made in the expected hydrate zone and were also
subject to considerable experimental error (Hammond, 1974).
Also, there is a great deal of inconsistency in the revorted
measurements of the methane content of water in equilibrium
with hydrate and gas (Culberson and McKetta, 1951; Enns et al.,
1965; Makagon 1974, and Hemmingson, 1975). This is an area
in which research would be a very valuable aid in substan-

tiating the existence of methane hydrate.
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Depth of Hydrate

At present it is felt that the ancmalous reflectors
that have been cbserved are located at or near the subbottom
depth where the temperature-pressure conditions correspond
to a gas-water-hydrate equilibrium curve such as those shown
in Figure 4. The impedance contrast that causes the re-
fledtions may be the result of the rigidity of a layer of
hydrate-filled sediment or the result of a layer of seéiment
containing free gas, trapped under a hydrate cloggad étratum,
or a combination of both (Brvan, 1974; Tucholke et al., 1977).
In any event, to calculate the depth corresponding to hydrate
equilibrium, a reasonable estimate of the thermal gradient in
the subbottom sediments must be made. In typical deep-water

deposits of sediment, the thermal gradient is often .found to

be in the range of .038 to .058°C/meter (Lancseth and Vcn Eerzen,

1970); however the actual gradient at a given location depends
cn many factors including the magnitude of heat flow and the
thermal conductivity of the sediment. Actual calculation of
reflector depths regquires this information.

The DSDP (Enchson, 1973) measureé decwnhole tempera-
tures at site 184 where the water depth is 1910 m. The thermal
conductivities of the cores cbtained in these sediments were
also measured. Using this data, the temperature at which the
anomalous reflector was found (estimated to be £00 m below the
bottom) was calculated to be 49°C which is much higher than

the temperature at which methane hydrates could exist. However,
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the measured thermal conductivities and temperatures could
be in error and the possibility of a 24°C temperature eéisting
at the reflector exists (Milton, 1976).

Reflectors similar to those found in the Blake-Bahama
Ridge have alsoc been found in the Benfort Sea on the conti-
nental slope of Alaska (Grantz et al., 1976). These reflectors
are aﬁ more shallow depths and investigators have suggested
that the hvdrates may ke acting as traps beneath which‘free
gas has accumulated.

Hydrate fields beneath permafrost in Alaska are es-
timated to be between 200 m and 1300 m depending upon the
thermal gradient and gas gravity (Xatz, 1971; Katz, 1972).

(In Siberia, hydrates may exist at depths of 2000 m or more,)
The Alaskan estimates are based upon actuzl temperature pro-
files and an assumed hydrostatic head (0.43 psi/ft or 0.1
atm/m) . If an overburdened pressure provides a greater
pressure at every depth, the probable range of hydrate exis-
tence would increase. Incases such as these with measured
temperature profiles, thermal conductiviiy still plays an
important role since such temperature profiles should

be consistent with the thermal conductivity of hydrates if
they are present. Since hydrates appear o have a lower
thermal conductivity than water or ice, the temperature gradient
in the hydrate zone should be greater than the gradient above

the zone.

oy
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Thus, two physical properties -- the acoustic wave
velocity and the thermal conductivity -- play key roles in
determining the location of pctential hydrate deposits.
There is virtually no information on these properties in
the literature except that reported by researchers at Lamont-
Doherty Geological Observatory shortly after the initial
discovery of hydrates in the seaflocor. This research in-
cluded preliminary studies of acoustic wave velocity and
thermal conductivity in pure hydrates and in sediments con-
taining hydrates (Stoll et al., 1971; Stoll, 1974 and Stoll
and Bryan, 1979). The work showed that wave velocities in

sediments do increase markedly with the formation of hydrates

and that thermal conductivity actually decreases (compared to
water) when hydrates form. This latter observation was un-
expected in view of the fact that the velocity ¢f crystalline
ice is much hicher than that of water.

Another physical crecperty that is pertinent to the
location and study of in situ deposits of hydrate is electrical
resistivity. Russian scientigts (Makogon, 1874) have claimed
that a change in electrical resistivity 1s one of the most
significant indicators of the presence of hydrates in kore
hole logs. Our only source ¢of information on this property
is one or two Russian articles which contain limited details
so that more research on this effect of hydration is reguired.

Other physical properties that are important in

studies of naturally occurring hydrate formations include
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shear wave velocity, compressibility under geostatic stress
levels and any changes in the susceptibility of a sediment
of lithification owing to the presence of variable amounts

of hydrate in the interstices.
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HYDRATE DISSOCIATION

In order to dissociate* hvdrates isothermally, the
energy of disscciation for the %transition f£from hydrates to
gas and water must be provided from an external source. The

transition is represented by

nH,0 - CH, (hydrate solid) - nH,0 (water)

+ CH, (gas) AH =~ 15 kcalories

and the energy required to dissociate the hydrates is about
15 kcal per mole or methane (CH4) produced. Since energy is
required, simply drilling into a hydrate reservcir and re-
lieving the pressure will not result in the rapid dissccia-
tion of hydrates since no energy is being provided., This
fact has been verified in drilling operations and was pre-
dicted by Katz {1971, 1972). In this transition, n represents
the number of water molecules per gas molecule in the hydrate
phase. Since hydrates are non-stcichiometric compounds, this
number can vary, but it will always be near €. In practice,
gases other than methane will evolve from the hydrate phase,
but here all gases are represented by methane for simplicity.
The energy required to prcduce one mole of gas

from hydrates represents about seven or eight percent of :

*The term "dissociate" is used here to ind

icate a sclid
to gas + water transition. This transition can not ke correctly
called a melting or sublimation process since it is in fact a
combination of these. If hydrates were dissociated at a temper-
ature below the freezing point of water (0°C}!, the dissociation

would represent a2 solid to solid + gas transition.
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the heating value of the gas produced. This pe

Al

centage de-
pends upon the composition of the hydrates, but in most'cases-
will be very near the indicated value. This means that under
ideal conditions, the net gain in energy in cobtaining gas
from pure hydrates will exceed ninety percent of the energy
value of the gas. The exact energy recovery ratio wiil devend
upon the heat losses incurred in transferring the dissociation
energy to the hydrate phase. A critical factor in the ef-
ficiency of this energy transfer will be the rate at which
heat can be transferred from a thermal source, such as hot
water, to the hydrate phase.

Experimental simulation of the hydrate dissociation

the rates of this heat

th

process would allow measurement o

hydrates involves a solid

-

transfer. Because dissociation o
to liguid + gas transition, the heat transfer to the hvdrate
from adjacent thermal fluids contains scme characteristics
of sublimation heat transfer and some characteristics of
mélting heat transfer. These complicated phenomena make

experimental evaluation of heat transfer process imperative.
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ENERGY REQUIRED TO DISSCCIATE HYDRATT

An estimate of thé energy efficiency of hydrate
production can be made (Yen, 1979). An energy balance is
made over on the reserveoir volume in which *the hydrates
‘have been dissociated. The boundary of the control volume
is the surface at which the hydrates are dissociating.

In this model, it is assumed that steam is injected
into the hydrate containing reservoir causing the hydrétes
to dissociate in the vicinity of the injection string bottom.
An energy balance is made around the region in the reservoir
where the hydrates have keen disscciated assuming that this
region is continucus and that its temperature can be repre-
sented by a spacially averaged temperature, TA‘

(2)

where AE is the enthalpy change of the steam from the time
it enters the reservoir to the time it leaves as water; AH*®
is the molar enthalpy change of the water and gas in the
hydrate phase as it dissociates at the hydrate temperature TH
and leaves the reservoir at temperature TR. Both of these

terms include sensible hea*s which are much smaller than the

uncertainty in the latent heat o

th

hydrate disscciation. For
the purposes of an overall energy balance, there is no ad-

vantage in making the latent heats a separate term. Note
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also, that since not all dissociated gas will necessarily
leave_ +the reservoir, AH* may be larger than the molar eﬁthalpy
of hvdrate dissociation.

The assumption of a constant steam injection rate, ﬁs’
and a constant gas production rate, MG' made for simplicity
although these are likely to vary in the actual case. Alterna-

tively, Ms and ﬁG could be thought of as "average" rates.
The last term in this equation gives the change in
sensible heat of the reservoir from the condition when nydrates
are present to the condition when no hydrates are oresent.
Since the sensible heat of the water and gas from the dis-
sociated hydrate is included in AH ¥, the last term refers
only to the sensible heat of the reservoir media, for exzmple
ease, porous rock. The sensikble heat of the reservoir media
is included separztely since it depvends upon porosity.
The enthalpy term AH* is related to the latent heat
of dissociaticn, and the fraction of dissociated gas that

remains in the reservoir, ¢, by

[ |

AR = + (Cp, + ny Cp ) AT)1/(1- @) (3)

(AH . .
Diss g

where Cpg is the heat capacity of the gas, Cp, is the heat
capacity of water and 0. is the number of moles of water

ver mole of cas in the hydrate phase. The temperature cnange,
AT, is the temperature increase in the reservolir due to steam

injection. I%f is assumed to be uniform throughout tae reservoir.



UGR File w244
Univ. of Pittsburgh
September 1979

28
The reservoir sensible heat is given bv
¢ "x"r ~1-8 m R . Cp AT’% (4)
dt g l1-a °H2O, T R G
where § is the fraction of the reservoir which contains
hydrates. This term can be thought of as a porosity. The
terms ¢, and o are the mass density of the reservoir
R H,0,H
media and molar density of the water in the aydrate phase
respectively. The heat capacity of the reserveoir media,
CPRe is given on a mass basis.
A comparison of sensible heat terms shows that
(nH pr) & lO(CpS)
(5)
, 1-ag g °r .
(nH pr) ~ 0.1 7 T-2 OHZO,H Cpq ) g =~ 0.2

The heat need to raise the temperaturs of the water is on the
order of ten times that needed to raise the temperature of
the gas and the heat needed to raise the temperature of the
reservoir media is on the order of 10 times that needed to
raise the temperature of the water (J = 0.2). Thus the
reservoir media's sensible heat capacity is rmuch more impor-
tant than that of the dissociated hydrates. However, the
heat capacity of the reservoir still amounts to less than

one kcalorie per mole of gas per °C. If the reservoir

th
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hydrate fraction, 2, was reduced to value near 0.02 then the
reservoir heat capacity would approach 3 kcalories per mole

of gas produced per degree of temperature rise.

Table 3: Typical Properties of Hydrates and Hydrate Reservoir

Parameter Range Tvpical Units
g 0.1-0.8 .2 cc hydrate/cc reservoir
a 0-0.2 .1
Ny 6=-7 6 moles of water/mole hydrate
gas
0CPR 0.2-0.9 1.3 cal/cc media/ °C
RH,0,H 0.044-0.045 .045 gmole/cc
The total heat balance can be written
M= (AE* + Cp AT) M (6)
AHS LS—([‘ Cp AT Ma
where
* 1-g "™m  _"r
Cp = - Cp (7)
g 1 -a szo’ g R

*
For numerical purposes here Cp is assigned the value
300 cal/gmole gas/°C for each mole of gas produced, although
it may in fact range between & and 1600 cal/gmole gas/°C for

the values given in Table 3. This means that for every 10°K
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the temperature of the reservoir is raised, the sensible heat
of the reservoir consumes 3 k cal.

Figure 5 through 8 show how the stream regquirement
per mole of gas produced varies with latent heat and the
reservoir temperature increase. Figure 5 shows the energy
input/output ratio, expressed here in lbs of steam/1000 ft3
of CH4, as a function of the combined latent and sensible
heats of hydrate disscciation. In this figure the average
reservolr temperature increase 1s assumed to be 30°C. The
value of AHS is the amount of latent heat of the steam which
is used to heat of the reservoir. IZ MH_ is 1000 Btu/lk then
all of the latent heat is transferred to the reservoir. I£
}Qs is 800 or 600 Btu/lb, then 80 percent or 60 percent, of
the latent heat of the steam is transferred to the reserveir,
respectively. In these two cases, the remaining 20 percent
and 40 percent are considered to be heat losses.

Figures 6 and 7 show similar curves for average
reservoir temperature increases of 50°C and 70°C resvectively.
It is unlikely -hat temperature increases as large as 70°C
would be required since hydrates will generally dissociate
at temperatures less than 25°C.- A 70°C incresase would imply
that the reservoir temperature was normally (-45°C), which
is highly unlikely in any region. However, in order to effect

a rapid rate of gas production, some increase above the hydrate
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equilibrium dissociation temperature will be required.
Therefore, a 70°C increase may, in fact, be desirable.

Figure 8 shows how the input/output energy ratio
depends upon the modified reservoir heat capacity, Cp*.
As Eguation (7) shows, this term incorporates @, the fraction
of the reservoir containing hydrate, and «, the fraction of
the dissociated gas which is actually produced. It is con-
ceivable that Cp* ranges from zero to very high values (20
or more), but is more likely that a typical hydrate reservoir
will have a value between 0.1 and 0.5 k cal/°C/g mole CH,
produced. The upper line in Figure 6, shows a most unfavorable
case. Here forty percent of the steam energy is lost, and
the hydrate fééervoir is heated an average of 70°C. In this
case, if Cp* is greater than 1.0, the energy consumed will
be greater than the heating value of the gas. For more
favorable cases, it is likely that a net energy production
will be obtained for values of Cp* as high as 4.

It is clear from these calculations that production
of gas from hydrates depends strongly upon

~— the fraction of the reservoir which is

actually hydrates
-- the efficiency of the thermal-injection
(steam injection)
-- the latent heat of hydrate disscciaztion
—— the fraction of dissociated gas which is

actually producezdble.

.y
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At this point onlv estimates can be made for these quantities
and the material presented can only point to areas in which
research is needed. However, it is clear that if future
research finds that the reservoir conditions are favorable

then the production of gas from hydrate fields is certainly

viable from a thermodynamic viewpoint.

7
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SUMMARY AND IMPLICATICNS FOR FUTURE RESEARCH

The existence of hydrates within the earth has been
clearly established and the possibility of vast gquantities
of natural gas existing in hydrate form has been suggested
by se;smic velocities, thermal condictivities, anamolous
refleétoré, thermodynamic conditions (pressure and temperature)
within the earth, and most significantly the evolution .of
large quantities of gas from cores obtained in likely hydrate
containing zones. Additionally, thermodynamic evaluation
indicates that hydrates, if they exist in a pure enocugh state
in the earth, have gocd potential for producing gas with a
greater energy content than is needed to break down the
hydrates ~—~hydrates can be a net energy source. Despite the
large amcunt of information obtained to date, there exists a
wide gulf between the infocrmation availakle and the informaticn
needed to evaluate the potential for hydrates as a natural
gas source.

The following categories of research ap?ear tc offer
the best prospects for a adequate evaluation of the energy
potential of hydrates.

-— Physical Proverties. The measurement of the

phvsical properties of pure hydrates and of
hydrate containing cores is essential for the
adequate interpretation of seismic information.

Physical propertv measurements should include



UGR Fiie =24¢
Univ.) of Pittsburgh
Septembexr 1979

38
thermal conductivities, acoustic wave
velocities and electrical resistivities.

Dissociation of Gas Hvdrates. In order to

better model the breakdcwn of hydrates in the
earth, the type of heat transfer which occurs
during hydrate dissociation should ke studied.
Heat transfer during a three phase transition
has not been studied and so no general method
for predicting heat transfer during hydrate
dissociation exists.

Seismic Profiling. Oceanic hydrate resources

can be mapped if additional seismic data is
obtained. To realistically estimate the guan-
tities of hydrates within the earth more -com-
prehensive seismic profiling is needed. Such
data, in conjunction with the physical property
measurements will allow good estimates of the
depth and areal extent of hydrate fields.

Coring of Evdrate Fields. Actual pressurized

temperature controlled cores should e obtained
in regions where hydrates are expected to exist.
These cores will provide a direct indication of
the quantity of gas available per unit reservoir
volume. They also could act as experimental
specimens for measuring physical proverties.
Safety should be 2 orime consideration in con-

ducting this research.
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Thermodvnamic Studies. A greater understanding

of hydrate eguilibria could be cbtained throﬁgh
further thermcdynamic studies. Cne study of
importance wculd be the measurement of methane
and other gas concentrations in water which is
in equilibrium with hydrates. -

Technolocy. Studies should be carried out to

determine the technology needed for exﬁloitation
of hydrate fields since present drilling tech-
nigques mav Te inadequate for production of gas
from hydrates. An evaluation of the thermal
recovery technique most applicable tc hydrate

dissociation should also be made.
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